Microstructures and element distribution at the interface between a tool surface and a residue of low-carbon free cutting steel, which was left behind and accumulated on the tool surface during machining, were observed and analyzed by transmission electron microscopy (TEM) and laser-assisted three dimensional atom-probe tomography (LA3DAP). The residue of the machined steel was composed of fine ferrite grains a few hundred nanometers in size, which were considered to be a result of a grain refinement process by severe plastic deformation. Tungsten carbide (WC) particles embedded in the tool were sharply worn at the interface, and the interface was found to be flat and sharp on a nanometer scale. The deposited steel on the worn tool surface was tightly bound and the interface was successfully analyzed by LA3DAP in transverse direction. It was shown that tungsten atoms from the WC particles had diffused into the deposited steel with a distance of approximately 10 nm from the interface. These findings indicate that the wear of tool upon machining low-carbon free cutting steels proceeds mainly by the diffusional wear mechanism.
Introduction
Free cutting steels, which have the superior machining performance to conventional steels, are widely used in automotive parts and home electric appliances since they can improve the productivity and the dimensional accuracy of parts. Machinability of free cutting steels are usually evaluated from the following aspects, 1) amount of tool wear, 2) surface finish of parts, and 3) condition of discarded steel chip. Excellent machinability is represented by a low amount of tool wear, smooth surface finish and small pieces of chips. Among them, emphasis is mainly on the tool wear characteristic, thus a lot of research regarding a tool wear mechanism have been done for years. Many works showed that a tool component element, such as W and Co, had diffused into steel chips, when cutting temperatures were high enough to exceed A 1 transformation temperature, which suggested the diffusional wear mechanism operated. 13) Low-carbon free cutting steels, usually used for small parts like shafts of copy machines and printers, are machined in a light machining condition where the cutting temperatures do not seem to exceed the A 1 temperature. 4) Therefore, different wear mechanisms from diffusional wear, such as adhesive wear or abrasive wear, are considered to occur, 5) but details have been still unclear.
In this study, the tool wear mechanism for a low-carbon free cutting steel with lower cutting temperature (than its A 1 temperature) is examined through microstructural analyses at and near the interface between the worn tool surface and the accumulated steel residue on the tool (i.e., a part of discarded steel chip left behind on the tool). As analytical methods, transmission electron microscopy (TEM) and laser-assisted three-dimensional atom-probe tomography (LA3DAP), coupled with a focused ion beam (FIB) technique for sample preparation, were employed. The FIB enables a precise and site-specific sampling of targets with an accuracy of a few tens of nanometers. The LA3DAP equipped with a femtosecond ultraviolet pulsed laser can drastically reduce the specimen rupture during measurement, so that it has been successfully applied to various brittle materials, such as bulk metallic glasses, metallic materials containing excessive defects, and even insulating ceramics. 6, 7) This feature seems to be extremely advantageous for acquiring the composition profile across the interface between tool surface and steel residue on it.
Experimental

Preparation of worn tool
A cobalt-cemented tungsten carbide lathe cutting tool (NGK Spark Plug Co. Ltd., DCGW11T302H), classified into a K-type tool by Japan Industrial Standard (JIS) B4053, was used to turn a low-carbon free cutting steel. The steel was AISI 1215 grade but containing less carbon, and its chemical composition was Fe0.02C1.3Mn0.4S0.005N0.018O, mass%. The steel ingot was prepared by laboratory vacuum melting, then hot-forged into round bars 40 mm in diameter. The round bars were subjected to normalizing heat treatment, subsequently peeled into round bars 31 mm in diameter and cold-drawn to round bars 28 mm in diameter. An optical micrograph of longitudinal cross section of the bar sample is shown in Fig. 1 , showing coarse elongated manganese sulfides dispersed in the ferrite matrix. The mean value of the Vickers hardness of five measurements points measured at the middle of the longitudinal cross section of the bar was 193 Hv. The turning condition was as follows; cutting speed, 1.67 m/s (100 m/min), feed rate per revolution, 0.03 mm, lubricant, non-water soluble oil, Kyodo Yushi Co. Ltd., Sulclut SX250. It took 1800 s to wear the tool surface by turning the steel. The appearance of the worn surface is shown in Fig. 2 . As is noted in Fig. 2 , several wear modes operated. These are classified by the location of wear into rake face wear, flank wear at the major cutting edge and flank wear at the end cutting edge. Of these, the flank wear at the end cutting edge is the most important, because it directly affects the surface finish of the parts. Therefore, in this study, the specimen sampling was made from this region.
Enlarged views of the flank wear at the end cutting edge are shown in Fig. 3 . The worn region is about 160 µm in the lateral direction and 150 µm in the vertical direction. The dispersal of the steel residue on the worn surface is indicated by the arrow in the figure. The interface between the worn tool surface and the deposited steel residue was located under the observed plane, so, the specimen containing the interface must be "dig out" and properly prepared for the different microanalytical methods.
Sampling from the worn tool
In order to locate and confirm the surface region of deposited steel residue, observation by scanning electron microscopy (SEM) and identification of chemical species by energy dispersive X-ray spectroscopy (EDS) were conducted. As shown in Fig. 4 , elemental mapping by EDS, particularly for Fe and W, is found to correspond well with SEM image and clearly indicates the location of the deposited steel residue. As will be demonstrated later by cross sectional TEM observation, the thickness (or height) of the deposited steel residue was a few hundreds of nanometers to one micrometer.
Specimen preparation procedures of a thin foil for TEM are shown in Fig. 5 . An FIB apparatus using a gallium ion source, Hitachi FB2000A, was used to pick out the thin plateshaped blank of about 12 µm © 5 µm in area and 2 µm in thickness. For this, first the area containing the deposited steel residue was coated with Pt deposition using a carbon membrane interlayer for protection. Then, the specified region was excavated using a Ga ion beam to make a thin wall, and this thin wall was finally separated from the bulk and lifted out by a tungsten probe (not shown in Fig. 5 ). Figure 5 (a) shows the worn tool surface after plowing by the Ga ion beam, where a thin wall between two holes (inside a dotted circle) before the pick-out is recognized. The lifted thin slice was fixed to a TEM specimen holder by tungsten deposition, and subsequently its thickness was reduced by Ga ion milling to approximately 100 nm.
The preparation of LA3DAP specimen, usually called a "tip", is similar in principle to the case of TEM, but its shape must be needle-shaped with a sharp point end, instead of thin foil, and the apex of the needle must be less than a hundred nanometers in diameter, ideally a few tens of nanometers. In addition, the targeted interface must be located less than 200 nm from the apex of the tip, because of the limitation of analysis volume of the atom-probe method. Therefore, extra care was taken for specimen preparation for LA3DAP by using two different FIB apparatus consecutively. A schematic diagram for sampling and fabricating a needle-shaped specimen is shown in Fig. 6 . In the first stage, similar to the TEM specimen preparation, a small blank with about 4 µm width © 15 µm length © 4 µm depth was picked out from the area which held the deposited steel residue. Before the FIB operation, tungsten was deposited on the surface for protection. The removed rectangular blank was fixed to a dummy tip, and afterwards the unused part of the rectangular solid was cut out (and used for another tip preparation). The blank joined to the dummy tip was shaped into a 1 µm © 1 µm square rod, as shown in Fig. 6 (c).
In the second stage, the square rod portion was trimmed to a fine needle shape. Conventional FIB apparatus, which obtains the specimen image as an ion image, is inadequate for this purpose, because it tends to scrape off the fine end of the tip at the very final stage. Therefore FIB apparatus capable of observing the specimen image by SEM mode, Carl Zeiss 1540E, was employed in the second stage of tip preparation. An annular ion beam of Ga was used to trim the square rod to a cylindrical shape ( Fig. 6(d) ), and by adjusting the ion beam intensity and the annular pattern, the pointed end of the tip was fabricated, as shown in Fig. 6 (e), where it is seen that the deposited steel residue was located at the apex of the tip and the target interface was about 190 nm distant from the top end.
Analysis conditions
For TEM observation, JEOL JEM 200CX and JEM 2100 equipped with the STEM and EDS function, were used, and an accelerating voltages was 200 kV. For LA3DAP analysis, a recently developed apparatus at National Institute for Materials Science, NIMS, equipped with femtosecond ultraviolet laser 7) was used. The analysis was conducted in an ultra high vacuum (<2 © 10 ¹8 Pa) with a tip temperature of 70 K in a standing voltage range from 4 to 14 kV. A pulsed laser with a repetition rate of 100 kHz, energy density of 0.7 µJ/cm 2 , and wave length of 343 nm was used to irradiate the tip. Approximately fifteen million atoms were collected across the target interface. Figure 7 shows a bright field image of the cross section near the target interface. The upper part of the image is the deposited steel residue and the bottom part is the tool material. The accumulated thickness of the deposited steel residue was about 400 to 500 nm. In the tool portion, tungsten carbide (WC) particles of about 1 µm in diameter and cobalt (Co) binder were observed. It should be noted that no WC particles themselves were carried away or removed from the tool portion, but each WC particle was sharply worn out at the interface. Figure 8 shows enlarged views near the interface (indicated by arrows) between a WC particle and the deposited steel residue. Figure 8 (a) is a bright field image, and Fig. 8(b) is a dark field image taken with a 110 reflection of ferrite, and Fig. 8(c) is a selected area diffraction pattern from the deposited steel residue portion. No intermediate phase or reaction product was formed at the interface. The interface was found to be flat and sharp even at the nanometer scale. As shown in Fig. 1 , the original microstructure of the steel was mainly composed of ferrite grains with a grain size of 20 to 100 µm in diameter, but it was found from the dark field image of Fig. 8(b) that the microstructure of the deposited steel residue consisted of elongated fine grains with a grain size of several tens to hundreds nanometers in length and several tens of nanometers in width. Since the diffraction pattern from the deposited steel residue exhibited a ring shape, the microstructure is considered to be composed of extremely fine grains with a large orientation difference. The deposited steel residue came from the work piece, part of which was left behind and accumulated on the tool surface, where severe plastic deformation might be introduced during turning. This microstructure is considered to be a result of a grain refinement process 8) induced by severe plastic deformation at temperatures less than the A 1 transformation temperature, since the pancake-shaped nanocrystalline structure is quite unlikely to form through austenite transformation at elevated temperatures. The deposited steel residue seems to affect the tool wear through the repetitive process of accumulation on and removal from the tool surface during turning.
Results
TEM
Results of STEM and EDS analyses were shown in Fig. 9 . An electron probe diameter of about 5 nm was used. Figure 9 (b) shows an EDS spectrum at point A well inside the deposited steel residue, about 400 nm away from the interface and Fig. 9 (c) was taken at point B inside the deposited iron but closer to the interface, about 80 nm distant away from the interface. The peaks assigned to Cu were due to a copper mesh being used. No characteristic X-ray peak of tungsten was detected in the spectrum of Fig. 9(b) , but a small one can be recognized in the spectrum of Fig. 9(c) . Additionally, the peak intensity of carbon in the spectrum at point B appears greater than at point A. These results imply that a small amount of tungsten could be contained and that carbon could be enriched in the deposited steel residue near the interface.
LA3DAP
Since it is difficult to preclude the influence of nearby WC particles in the tool giving rise to the small W peak and stronger C peak in the EDS analysis, LA3DAP was applied to investigate the compositional change across the interface to confirm the existence of tool components such as W and C in the deposited steel residue. Three-dimensional elemental maps of Fe, C, W, S (or O) and Mn are shown in Fig. 10 . The left side of each figure corresponds to the top end of the tip, and field evaporation proceeded from the top of the tip. The size of analyzed volume was 35 © 35 © 136 nm 3 . As will be demonstrated later, the elements Fe, C, Mn, S (or O) and W were all characterized in a mass-to-charge ratio (m/n) spectrum, although S 2+ and O + , both of which has m/n = 16, could not be distinguished. The peak of Co 2+ of 29.5 could not be distinguished from the peak of Fe 2+ ranging from 27 to 29. It can be seen from Fig. 10 , that some Fe atoms migrated into the WC particle while some W and C atoms moved into the deposited steel residue. It was also found that a small amount of S (or O) was enriched in the deposited steel residue near the interface. These results are considered to demonstrate that interdiffusion has occurred between Fe atoms in the deposited steel residue and W and C atoms in the tool material. To trace the occurrence of interdiffusion at the interface, the mass spectrum was constructed using ions collected only from the region A of Fig. 10 , and it is shown in Fig. 11 . The region A, whose volume is 35 © 35 © 22 nm 3 , is adjacent to the interface, but completely inside the deposited steel residue. Some peaks definitely assigned to W can be seen in the mass spectrum. This means that a small amount of W is actually contained in the deposited steel residue, and this can be interpreted as a result of the diffusion of W atoms from the tool into the deposited steel residue.
Elemental maps and corresponding concentration profiles of Fe, W and C across the interface, which were measured in region B in Fig. 10 , are shown in Fig. 12 . It can also be seen that interdiffusion of Fe atoms into the tool material and W and C atoms into the deposited steel residue, has occurred. In the concentration profiles of Fig. 12(b) , a dotted line indicated by an arrow marks the estimated interface between the WC particle and the deposited steel residue. The preciseness of determining the atom position at the grain and other kind of boundaries tends to be poorer than in the grain interior due to the trajectory aberrations of ions, and this extent is estimated to be 0.5 to 1 nm. 9) However, it is found from the inlet figures of Fig. 12(b) that W and C atoms of the tool material diffused away from the estimated interface and penetrated into the deposited steel residue, up to about 8 nanometers in distance, which exceeds substantially the experimental errors mentioned above.
Discussion
The deposited steel residue examined in this study is a portion of the workpieces which were left behind on the worn flank face of the tool during turning. Low-carbon free cutting steels are generally machined using lubricants, so that the cutting temperatures are estimated to be far lower than the A 1 temperature. Cutting temperatures were also measured in the present study using a tool-work thermocouple method 10) and they were found to be around 560 K. The actual temperatures at the end cutting edge are likely to be higher, since the measured values are averaged ones over the whole volume of the cutting tool. A simulation study on cutting temperatures by Maekawa et al. 11) has predicted the local temperature increment at the end cutting edge to be two to three hundred Kelvin, thus the maximum temperatures reached are estimated to be 760 to 860 K at most. Microstructures of the deposited steel residue were composed of very fine deformed ferrite grains, as shown in Figs. 7 and 8 , and this indicates the grain refinement process was induced by severe plastic deformation below the A 1 temperature (around 1000 K). Therefore, it is a reasonable estimation that the cutting temperature at the observed position of the worn tool surface was around 860 K at maximum.
Wear mechanisms for higher cutting temperatures exceeding the A 1 temperature have been proposed 13) in which WC particles decompose into W and C atoms and each element diffuses into the discarded steel chips and removed away from the tool. On the other hand, the wear mechanisms for lower cutting temperatures have been scarcely reported, but it has been assumed that the adhesive wear occurs when the cutting temperatures are low.
5) Gregory 12) has proposed a model that Co and C diffuse from the tool toward the workpiece, forming an intermediate intermetallic compound layer of ©-phase (Fe x Co y W z C) at the adhesive interface, resulting in the weakening of the bonding by Co binder, and leading to the drop-off of the WC particles from the tool. In the present study, however, no such intermediate phase formation or holes resulting from missing WC particles were observed at the interface. In fact, the deposited steel residue was tightly bound to the worn tool surface, where the WC particles were found to be sharply worn, exhibiting a flat and distinct interface. It is hard to assume that the WC particles were mechanically abraded by some kind of hard particles contained in the steel workpiece, since the WC themselves are extraordinary hard particles, 1625 Hv, on Vickers hardness scale. 13) Both results of the STEM-EDS and the LA3DAP demonstrated that the tungsten and carbon were contained in the deposited steel residue near the interface, thus, there is substantial evidence that the diffusional wear mechanism operated even at lower cutting temperatures.
The diffusion of a specific element, tungsten, is examined next. A simple one dimensional concentration profile of solute element can be calculated using eq. (1),
where, c denotes a concentration of solute at position x, after the elapsed time t, c 0 is the initial concentration of solute at x = 0, D l is the lattice diffusion coefficient of solute, and erf(z) is the error function. Here, we calculate the distance at which the concentration of tungsten reaches 0.1 at%, when we assume that the deposited steel residue on the tool surface is replaced after staying on the tool surface for every one second during cutting. When we put values, c 0 = 0.5 (assuming tungsten concentration of WC particles), c = 0.001, t = 1 s, and D l = 7.13 © 10 ¹21 m 2 /s, which is the lattice diffusion coefficient of tungsten in ferrite iron 14) at 773 K, then, we obtain that x is about 0.4 nm. This value means that the noticeable diffusion of tungsten could be observed only very near to the interface. This is quite different from the experimental results, where the LA3DAP detected that diffusion of tungsten extended for up to ten nanometers. If we assume that the diffusion distance of W for this time period of 1 s is 10 nm, the diffusion coefficient must be 4.77 © 10 ¹18 m 2 /s, which is three orders of magnitude larger than the lattice diffusion coefficient. This accelerated diffusion may be possible due to the fine-grained nanocrystalline microstructures of the deposited steel residue, which was induced by severe plastic deformation below the A 1 temperature. The nanocrystalline structures developed through severe plastic deformation are formed by a grain subdivision process, 8) where high densities of dislocation walls change to subgrain boundaries as repetitive plastic deformation introduces excessive dislocations. A variety of fast diffusion paths are possible in such microstructures. Wang et al. 15) reported that the diffusivity of Cr at 573 to 673 K in nanocrystalline bulk iron prepared by the severe plastic deformation was 7 to 9 orders of magnitude larger than that for ordinary volume diffusion. They also suggested that the high diffusivity along grain boundaries was further enhanced in nanocrystalline nature of bulk iron because the grain boundaries that formed via severe plastic deformation were associated with a higher density of defects compared to the equilibrium grain boundaries in conventional coarsegrained bulk iron. Since in turning, severe plastic strain has been continuously introduced in the deposited steel residue, it can be reasonably predicted that diffusion along fast paths would be more enhanced. From this point of view, tungsten atoms of WC particles in the tool could diffuse into the deposited steel residue and migrate over a few tens of nanometers.
Meanwhile, it was also found that a small amount of S or O was enriched in the deposited steel residue near the interface, but due to the coincidence of m/n, it could not be determined which element was responsible. Unfortunately, neither of the characteristic X-ray peaks from S or O was detected in the EDS analysis. Therefore the influence of these elements on the diffusion of the tool component could not be clarified in this study. While the influence of microstructures, such as nanocrystalline structure developed by severe plastic deformation, on the diffusional behavior of the tool component has been demonstrated, other effects determining the diffusion distance of the elements, for example, the accurate cutting temperatures and the actual reaction time, have yet to be clarified. Quantitative understanding of these effects is essential to further examine the tool wear mechanism.
Conclusions
In this study, microstructures and element distributions at the interface between a tool surface and the deposited steel residue have been investigated by transmission electron microscopy and laser-assisted three dimensional atom-probe tomography (LA3DAP). Conclusions obtained in the present work can be summarized as follows.
(1) Microstructure of deposited steel residue, which was left behind and accumulated on the tool surface during turning, was nanocrystalline ferrite. Tungsten carbide (WC) particles embedded in the tool were sharply worn at the interface, and the interface was found to be flat and sharp on the nanometer scale. (2) The deposited steel residue on the tool surface was tightly bound but no intermediate phase formed at the interface. LA3DAP was successfully used to measure the concentration profiles and spatial distributions of tool elements. It was found that tungsten atoms from WC particles had diffused into the deposited steel residue at a distance of about 10 nm from the interface. (3) It has been suggested that the tool wear upon machining low-carbon free cutting steels at relatively low temperatures (well below the A 1 temperature) proceeds mainly from the diffusion of tool component elements into the deposited steel residue, in which accelerated diffusion occurs due to the fast diffusion paths created by severe plastic deformation introduced during machining.
